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Summary A theoretical treatment of some of the factors in­
fluencing air seeding at the pit membranes of xylem vessels is 
given. Pit membrane structure, viewed as a three-dimensional 
mesh of intercrossing fibrils, and vulnerability to water-stress- 
induced air seeding are examined in the context of the Young- 
Laplace equation. Simple geometrical considerations of the 
porous membrane show that the vapor-liquid interface curva­
ture radius is a function of fiber-fiber distance, fiber radius, 
wetting angle and position of the wetting line. Air seeding 
(maximum pressure) occurs at the minimum curvature radius, 
therefore air seeding is not simply determined by the fiber-fi­
ber distance but is a function of the geometry of the pit mem­
brane and of physicochemical quantities like surface tension 
and wetting angle. As a consequence of considering a wetting 
angle different from zero, the minimum curvature radius be­
comes larger than half the fiber-fiber distance. The present 
model considers that, for a given pressure difference at the pit 
membrane, all local interface curvatures are the same. In this 
sense, pit membranes work as variable capillary valves that al­
low or prevent air seeding by adjusting local curvatures and in­
terface positions relative to the pore-forming fibers, following 
the pressure differences across the membranes. The theoretical 
prediction for the air seeding threshold is consistent with recent 
experimental data for angiosperm trees.
Keywords: air-seeding pressure, curvature radius, Laplace 
equation.
Introduction
The ramified anatomy of xylem vessels provides structural 
support to plants and constitutes the rough topography of the 
vascular xylem system. Xylem sap, basically water, salt ions, 
oxygen, inorganic nutrients and organic forms of nitrogen, 
partially wets the inner xylem vessel walls and the pit mem­
brane (Zimmermann 1983). Sap flows fromroot to leaves in a 
xylem vessel in the direction of decreasing pressure (hydro­
static pressure in most plants). Xylem vessels, of millimeter or 
centimeter length and micrometer cross section, consist of 
vessel elements joined and connected end to end by a perfora­
tion plate (Nobel 1991) and side by side by a number of pits 
(pit chamber and porous membrane) (Schmid and Machado 
1968, Sperry 2000, Choat et al. 2004, Jansen et al. 2004).
A given xylem vessel filled with water is connected laterally 
by a pit membrane to a neighboring vessel either filled with 
water or a vapor-air mixture at normal pressure (Jansen et al. 
2004). The liquid-vapor interface at the pit membrane 
((1-v)p) comprises a group of nanometric regions that can be 
viewed as curvilinear polygons delimited by cylindrical fibers 
(Choat et al. 2003, 2004). Each (1—v)p is characterized by two 
radii of curvature. By applying classical capillary theory to 
this geometry, we show how liquid-vapor interfaces at the pit 
membrane change synchronically with xylem tension and 
control air-seeding pressures.
Air-seeding at the xylem pit membrane
Recent studies of the xylem pit membrane show that it consists 
of a mesh with numerous interstitial regions of different geom­
etries (curvilinear polygons) formed by cylindrical fibers of 
nanometric cross section and nanometric fiber-fiber separa­
tion (Choat et al. 2003). The full membrane has a circular 
shape, consisting of more than one layer of microfibrils usu­
ally arranged in three lamellae: two primary walls separated by 
a middle lamella. A pore through these multiple layers 
resembles a convoluted tunnel. To analyze the (1—v)p, let us 
recall the Young-Laplace formula (Landau and Lifshitz 1959, 
Adamson 1982), which defines a given pressure difference 
(Pc) as: 
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with Pc = P3t - Pi, where Pat and Pi are the atmospheric pres­
sure and the xylem liquid tension, respectively, Ri and AL are 
the principal radii of curvature at any (1—v)p, and <5 is the sap 
surface tension. If Ri = R? = A\ (where7?c is the relevant curva­
ture radius), Equation 1 reduces to Pc = 2a/Rc, but if Ri = A\ 
« R2, then Equation 1 becomes Pc = a/Rc.
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A pressure difference moves the (1—v) p from the first to the 
last microfibril layer by a dewetting process. In this process, 
(l-v)p will have R\ •> R? (the interface is hanging from inter­
woven microfibrils) or /? <R? (the interface is at the last layer 
of parallel microfibrils). It follows that, for a given Pc, the first 
region to cavitate would be the region where I?! <<R2. This is 
the case for the last layer of parallel microfibrils that is in con­
tact with the liquid-filled vessel. Then Equation 1 reduces to:
(2)
In Figure 1, we present a possible cross section of the inter­
stitial region when (1—v)p is at the last layer of microfibrils. 
From geometrical considerations of Figure 1, it can be shown 
that the projections of Rc and the fiber radius (R) on the plane 
defined by the layer are related by J?c.si n |3 = h0+ R -Rcostp, 
where P = 7t/2-(0 + tp). Thus, we may write:
R _ feo+J?(l-COS(p)
c cos(0 + tp) 
where 0 is the wetting angle at the three adjoining media (va- 
por-liquid-fiber), 2h, is the fiber-fiber distance and tp is the 
angle between a line connecting the two fiber centers and the
Figure 1. Transverse section of a pit membrane. Abbreviations: R. Rc 
and 2/i0 indicate fiber radius, radius of curvature of the liquid-vapor 
interface at the pit membrane ((1—v)p ) and distance between two fi­
bers. respectively. Panels (a) and (b) indicate two possible configura­
tions. The surface separates two contiguous phases: the vapor phase 
(above) and the tense liquid phase (below). When the vapor pressure 
increases. Rc decreases, and the system changes from (a) to (b). Con­
figuration (b) depicts the limiting condition for air-seeding at large 
2/i0.
wetting point. By substituting Equation 3 into Equation 2 we 
have:
p = <7c°s(9 + (p) (4)
c h0 +7?(1- costp)
Shonherr and Bukovac (1972) use a similar expression to 
study the penetration of stomata by liquids based on a conical 
capillary model, but in this geometry, the capillary pressure is 
independent of R. Equation 4 enables calculation of the excess 
pressure and its maximum value (the air-seeding pressure). If 
h0, R, G and 0 are kept constant, then Pc =/(tp). The maximum 
value of Pc is PC3 (air-seeding pressure) and it occurs when:
We also considered the theoretical prediction for the air 
seeding threshold in the context of some experimental values 
of G. 0, R, h0 and /U published in the literature.
Surface tension In most studies, G is taken as that of pure wa­
ter at 20 °C: o = 72 x IO 5 N m’1.
Contact angle The vapor-liquid-fiber contact angle 0 has 
not yet been measured. Pickard (1989), in his analysis of xylem 
wall contact angle (0X), suggested that 0° < 0X < 45°. Recent 
measurements of 0X for different species (Zwieniecki and 
Holbrook 2000, van Ieperen et al. 2001,2002) show that 0X var­
ies between 42° and 55°.
Pit membranes are the degraded primary cell walls and mid­
dle lamellae of the vessels and are composed of tightly inter­
woven cellulose microfibrils in a matrix of hemicellulose and 
pectin polysaccharides (Brett and Waldron 1996, Choat et al. 
2003). Pit membrane observations lie near the current edge of 
X-ray spectroscopy resolution. Boyce et al. (2004) suggest 
that the chemistry of the compound primary wall within the pit 
membrane is consistent with that of the primary wall adjacent 
to the pit, advancing the possibility that 0 could be different 
from zero.
Because 0 reflects the magnitude of the vapor-liquid-fiber 
interaction forces, to assume that 0 = 0° (total wetting) implies 
a low hydraulic conductivity. The viscosity of simple wetting 
fluids increases by many orders of magnitude when they are 
confined between solid walls (Derjaguin and Churaev 1985, 
Bonaccurso et al. 2002), but if the fluid does not wet the solid 
surface, slippage occurs (Bonaccurso et al. 2002), resulting in 
greater hydraulic conductivity. Therefore, to assume 0 is dif­
ferent from zero not only has implications for the air seeding 
process but also for transport efficiency. Here, we consider 
values of 0 varying between 0 and 80°. However, effects such 
as a change in 0 due to microfibril roughness or local hetero­
geneities in the microfibril surface (de Gennes et al. 2003) are 
not taken into account in the present description.
Fiber-fiber distance Experiments indicate that pit mem­
brane fiber-fiber distances are of the order of 30 nm (Choat et
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al. 2003). This distance could change as a result of lateral sur­
face tension effects at the wetting line or attraction between fi­
bers.
Fiber radius Estimates of R determined from photographs 
were taken from the experiments of Choat et al. (2003) and 
Sperry and Hacke (2004). Although there are no direct mea­
surements of fiber radius, estimates from photographs indicate 
that fiber radius varies between 20 and 60 nm.
Cavitation pressure Choat et al. (2003) and Sperry and 
Hacke (2004) studied roots and stem and found variation in 
cavitation pressures in the range 1 Pca <12 (MPa). Cochard 
(2002) measured cavitation pressures in this range by a centrif­
ugal technique. Choat et al. (2004) examined stems of Fraxinus 
americana L. perfused with water (c = 72 mN m 1) or with a 
Triton X solution (o = 31 mN m 1) and found cavitation pres­
sures of Pca = 1.93 and 1.17 MPa for water and Triton X solu­
tion, respectively.
Results
Solving Equation 2 for the experimental cavitation pressures 
given in the previous section, we find that Rc = 37.31 and 
26.5 nm for water and Triton X, respectively. With these values 
of Rc, and with 0 and A as input data in the ranges 0° < 0 < 80° 
and 20 nm < R < 40 nm. Equations 4 and 5 are solved for ho and 
<p. The results are shown in Table 1 for water and Triton X and 
Figure 2 shows Pc = PC(Q) for these systems. It can also be seen 
that the maximum values of Pc(tp) set up PC3.
Variations in Pca with for different values of R and 0 are 
shown in Figure 3. In this figure, total wetting, 0 = 0° (Ac = /?0), 
is assumed, implying that Paa is independent of R. For small 
wetting angles (0 = 30°), Pca(/;0) shows a weak dependence on 
R, but this dependence becomes significant for larger 0.
Discussion
The theoretical predictions for the air seeding threshold, de­
rived from Equations 4 and 5, are consistent with recent exper­
imental data for angiosperm trees. This pit membrane model is 
also consistent with the fact that, at equilibrium, curvature 
must be constant over any free surface separation (Landau and 
Lifshitz 1959). In this sense, a pit membrane is viewed as a 
variable capillary valve that adjusts its local curvature to inner 
and outer pressure differences. Each of the multiple nano­
metric regions that form the liquid-vapor surface of separation 
in each pit membrane must necessarily have the same curva­
ture, and the intrinsic geometric design is able to respond "in­
stantaneously” to the daily or nocturnal variations in xylem 
tension by changing each nanometric region of the local curva­
ture. The present explanation of the mechanism of air-seeding 
in xylem vessels under tension is not only different from previ­
ous explanations in the sense that Pca is determined by R and 
ho, and by the physicochemical quantities g and 0, but it also 
offers a new view of how pit membranes work.
Zimmerman (1983) conducted experimental research to
Table 1. Results from Equations 4 and 5 for Fraxinus americana with 
experimental air seeding pressures of PQ3 = 1.93 and 1.17 MPa for wa­
ter (a) and Triton X solution (b). respectively (Choat et al. 2004). A 
range of wetting angle values (9) (effect of total or partial wetting) and 
a range of fiber radii (R) values (different fiber radii) are considered as 
input data. The air-seeding pressure is reached for different values of 
half the fiber-fiber distance (ho) and the angle between the fine con­
necting the centers of two fibers and the wetting point (<p) as a func­
tion of the input values. For water. IT = 37.31 nm and for Triton X 
solution. R, = 26.50 nm.
0 (degrees) R (nm) <p (degrees) /r0 (nm)
Water
0 20 0.0 37.31
0 30 0.0 37.31
0 40 0.0 37.31
30 20 -19.48 35.53
30 30 -16.61 35.04
30 40 -14.32 34.68
60 20 -39.53 30.38
60 30 -33.80 28.40
60 40 -28.64 26.96
80 20 -54.43 25.29
80 30 -45.26 21.77
80 40 -38.39 19.24
Triton X
0 20 0.0 26.50
0 30 0.0 26.50
0 40 0.0 26.50
30 20 -17.18 24.94
30 30 -14.32 24.56
30 40 -12.03 24.32
60 20 -34.38 20.40
60 30 -28.07 18.96
60 40 -23.5 17.92
80 20 -46.41 15.86
80 30 -37.24 13.34
80 40 -30.37 11.67
Figure 2. Pressure difference (Pc) as a function of the angle between 
the line connecting the centers of two fibers and the wetting point (<p) 
(Equation 4) for Fraxinus americana (the solid line denotes water and 
the dashed line denotes Triton X solution). The maximum values indi­
cate the experimental air-seeding pressures (1.93 MPa for water and 
1.17 MPa for Triton X solution) (Choat et al. 2004). We calculated 
Pc(cp) based on wetting angle (0) = 60°. fiber radius (R) = 40 nmand 
half the fiber-fiber distance (h0) = 26.96 nm at <p = -28.65° for water, 
and 0 = 80°. P = 40 nm and /r0 = 11.67 nm at <p = -30.37° for Triton X 
solution (see Table 1).
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Figure 3. Variation in air seeding pressure (Pca) with half the fiber-fi­
ber distance (/r0) for different values of microfibril radius (R) and 
wetting angle (0). The different curves were obtained by substituting 
Equation 5 in Equation 4 with surface tension (o) = 72 mN m_1. Black 
bars on the right indicate the values of angle 0 corresponding to differ­
ent values of R. The curve for 0 = 0° (Rc = /r0) is independent of R. 
where Rc is the radius of curvature.
prove the air-seeding hypothesis. More recently, Choat et al. 
(2003, 2004) examined pit membrane structure by scanning 
electron microscopy of suspensions of colloidal gold particles 
perfused through branch sections, and measured fiber-fiber 
distance and air-seeding pressures. Although these authors ap­
plied a simplified form of the Laplace equation, they did not 
find correspondence between the fiber-fiber distance and cav­
itation pressure. In the notation of the present work, they as­
sumed h0 = Rc and 0 = 0 (total wetting), that is they neglected 
the effects of partial wetting (see Table 1). Considering h0 = Rc 
may be a good approximation for parallel plates, but not for fi­
bers that are wetted parallel to the fiber axes, as happens in the 
pit membrane. In these kind of valves, fiber curvature changes 
the (l-v)p curvature synchronically with the variation in xy­
lemtension or atmospheric pressure (see Figure 1). Equations 
4 and 5 account for this and provide not only an explanation 
for the low values of air-seeding pressures, despite the small 
pores of typical pit membranes, but also show how the (1—v)p 
curvature variation with pressure (different height) in the vas­
cular xylem system depends on both pit membrane design and 
aging. We have considered that fibers have a cylindrical shape 
and the same curvature radius (a different fiber radius will not 
change the present approach), but if the fiber shape is irregular 
such that the curvature K = 1/R c varies continuously along the 
fiber from positive to negative values (i.e., the fiber curvature 
has a point of inflexion (Lipschütz 1969)), then somewhere in 
the region close to the inflexion point (depending on the wet­
ting angle) Rc goes to infinity. According to Equation 2, the re­
lationship between Pc and Af will not be satisfied. In this kind 
of fiber geometry, when xylem tension increases, Rc also in­
creases and air-seeding could spontaneously occur independ­
ently of the fiber-fiber distance.
The present analysis could also be applied to other capillary 
valves such as the torus-margo of conifer tracheids. In this 
valve, the impermeable and rough torus surface (Pittermann et 
al. 2005) blocks sap flow at the pit in proportion to the Pc, and 
it is able to sustain PC3 at the same order or higher than the pit 
membrane of angiosperms (Hacke et al. 2004). Torus-margo 
systems have more efficient water discharge than membrane 
pit valves (Pittermann et al. 2005). Also, the loosely sus­
pended torus in the pit chamber is able to change its relative 
position with respect to the inner pit wall by changing the ra­
dius of curvature of the (1—v)t synchronically with capillary 
pressure. The torus (1—v) t is not symmetric because of rough­
ness of the torus surface and pit wall. At this nanometric scale, 
Pc follows Rc, which is controlled by the stochastic roughness 
of both surfaces. Therefore, if there is correspondence be­
tween surface roughness and A. and between their mutual dis­
tance and h0, then the torus-margo and pit membrane are 
equivalent capillary systems because they control Pc and PC3 
by similar parameters h0,R, 0 and ip.
Previous arguments indicate that variable capillary valves 
are important not only in allowing air-seeding but also in con­
trolling sap flow. The change in Rc induced by evaporation 
produces higher excess capillary pressure. In turn this pressure 
moves the sap from root to stem.
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